Primary sodium pools in fast reactors are covered with argon. There is strong potential for argon gas entrainment into sodium and associated reactivity perturbations if the free surface velocity is large. Basic CFD studies have been carried out on ideal models and the threshold value of free surface sodium velocity that avoids gas entrainment is arrived at employing the VOF method. Subsequently, 3-D CFD studies have been carried out for PFBR hot pool and the free s urface velocity is estimated to be 1.15 m/s. To reduce this value below the threshold limit, a horizontal baffle device has been identified. Keywords: Gas entrainment; fast breeder reactor; computational fluid dynamics; VOF method
Introducti on
In fast breeder reactors (FBR), sodium is used as primary coolant due to its high boiling point and large heat transfer coefficient. The major drawback of sodium is its violent chemical reaction with air. To avoid this, an inert argon cover gas is maintained above the sodium pools in FBR systems. Cover gas is also required to accommodate volumetric changes in sodium due to changes in its temperature. Entrainment of cover gas into sodium at the free surface is one of the safety issues in design of commercial FBR [1] , where the focus is to have a compact reactor vessel size with high thermal power from the view point of economy. Higher coolant velocity in reactor vessel enhances the risk of gas entrainment. Transportation of entrained gas bubbles to reactor core leads to reactivity fluctuations and hence difficulty in smooth operation of reactor. Presence of argon gas in sodium would also cause heat transfer inhibition in core and in heat exchangers, depending upon the amount of ga s present. Thus, gas entrainment has a serious impact on safe operation of the reactor and therefore, the risk of gas entrainment has to be investigated. There are four types of mechanisms by which gas can entrain into primary sodium pool. They are (i) Liquid Fall entrainment, (ii) Vortex Activated entrainment, (iii) Drain Type Vortex and (iv) Shearing of Gas Liquid Interface. Experimental studies on gas entrainment in water models representing hot pool of FBR [2] indicate that vortex activated entrainment and liquidfall induced entrainment are the probable mechanisms (Fig. 1 When the vertical velocity of liquid in the hot pool is large, the flow rises above the mean free surface forming a local hump. The flow, which rises above the free surface, falls back to the sodium surface as a liquid fall. The interaction between the falling liquid and the nearly stagnant pool causes entrainment of argon gas as shown in Fig. 1(a) . Direct numerical simulation of gas entrainment in reactor pools by CFD approach coupled with VOF method [3] is difficult due to small scale nature of the phenomenon compared to reactor dimensions. Hence, it is required to develop lower order models to identify velocity conditions conducive to gas entrainment and couple them with global models. Towards this, detailed validation of free surface flow problem using VOF method has been carried out. Then the validated method has been applied to an idealized slab model of PFBR hot pool to arrive at the threshold free surface sodium velocity to avoid gas entrainment. This is followed by 3-D simulation of entire hot pool of PFBR to determine the free surface velocity and recommend the free surface velocity limits and hence avoid gas entrainment in hot pool. 
Methodol ogy
Numerical simulation of free surfaces presents a great challenge to computational scientists, because the problem is very complex involving two fluids and transient simulations. Many physica l phenomena and industrial applications involve this type of flows, for example: wind-water interaction, rise of a slug of gas in a liquid-filled pipe etc. Four methods are used in literature for tracking the free surface [4] 
Governing Equations
One of the four methods mentioned earlier is coupled with Navier-Stokes equations and continuity equation that define velocity and pressure distributions in the given system. In VOF method the whole domain is divided into cells or control volumes and the volume fraction of liquid in each cell is defined.
The flow front is advanced by solving the following transport equations of the fluid [5] : To track the interface between the liquid and gas phases, the transitional area between the two fluids, is differentiated by Point in sodium (fluid 1) Point at argon (fluid 2) Point at interface The pressure -velocity coupling is resolved through the PISO algorithm [6] in the transient simulations.
Validation of VOF method
A benchmark problem widely studied by experimental and computational researchers associated with free surface flow is "Broken Dam Problem". Complete description of the experimental setup is available in [7] . The setup consists of a slab model of an open tank of width 4 m and height 3 m. Inside the tank, a water column of width 1 m and height 2 m is maintained by a thin wall. The rest of the volume is occupied by air. Top face of the tank is open to atmosphere. During the start of the transient, the wall collapses allowing the water column to deform, slosh and settle to a new equilibrium level. The schematic of the broken dam problem is depicted in Fig. 2 . High Reynolds Number version of k-ε turbulence model with wall function [8] is used. The predicted results of interface movement between water and air are depicted in Fig. 3 (left) . Also shown in the same figure (right) are the numerical results reported in [9] . Both the numerical [9] and experimental results [7] of reduction of water level on the left boundary as a function of time are depicted in Fig.4 . It is clear that the comparison is highly satisfactory demonstrating the validity of the VOF method. 
Determination of threshold free surface velocity
After validation, the VOF method has been applied to an idealized slab model of FBR hot pool which is depicted in Fig. 5 . The model having height of 7 m and width of 5 m is filled with sodium up to 5 m. Sodium enters through inlet of width 0.5 m at left bottom corner of the pool and leaves the pool through an outlet having the same width as of inlet at a height of 3 m from the bottom in the right wall. The level of free surface fluctuates when flow enters through inlet window. Various parametric studies have been carried out to identify the free surface fluctuations and possibility of gas entrainment . The different case studies include inlet velocity of sodium entering to the pool (in the range of 1 -5 m/s), and horizontal baffle at various elevations. The lighter medium is argon. Properties of sodium are evaluated at 550ºC while that of argon gas are evaluated at 430ºC. Outlet is maintained at constant pressure. These studies have been carried out to find out the permissible sodium velocity at the free surface and means of achieving this velocity by inserting baffles at appropriate locations. The free surface fluctuation of sodium at an instant of 25s after the transient with 5 m/s inlet velocity is depicted in Fig. 5b . It is seen that with 5 m/s inlet velocity, the free surface is fluctuating violently and engulfing large scale argon gas pockets which indicates that there is a strong potential for gas entrainment. But in the case of 1m/s inlet velocity, the free surface is found to be stable almost with nil fluctuation and hence no risk of any gas entrainment. The free surface velocity for 5 m/s inlet velocity is found to be 1.8 m/s. Similarly for the case of 1 m/s inlet velocity, the free surface velocity is found to 0.4 m/s.
When a horizontal baffle of 1 m is attached to the right wall just above the outlet window, the predicted free surface profile 25 s after the transient is depicted in Fig. 5c , for an inlet velocity of 5 m/s . The baffle is seen to deflect the vertical flow in a horizontal direction, thereby reducing the free surface fluctuations significantly. It is clear that the free surface fluctuate with much milder amplitude compared to the reference case (Fig. 5b) and no risk of gas entrainment. The free surface velocity for this case is found to be 0.6 m/s. Thus, it can be concluded that the threshold value of free surface velocity to avoid gas entrainment is 0.6 m/s, which has to be respected in PFBR hot pool. 
3-D flow distribution in PFBR hot pool
After establishing the permissible value of free surface velocity, simulations have been carried out for PFBR hot pool, by conventional CFD studies without VOF option. For this purpose, a 3-D 90 0 symmetric sector of hot-pool (Fig. 6 ) has been considered. In this model the free surface is fixed and it is frictionless with normal velocity set to zero. Studies have been carried out only for full power conditions. At low power conditions, the flow rate is proportionately lower without much change in the free surface level and hence, full power conditions envelop the gas entrainment studies. 
Computational details
The computational domain considered for this study comprises of sodium in inner vessel and hotpool components, viz., IHX (intermediate heat exchanger), DHX (decay heat exchanger), standpipe of primary sodium pump, control plug, lattice plate, porous skirt, upper stay plate and lower stay plate. The flow entering the control plug is 15% of the total core flow. All the subassemblies including fuel, blanket, reflector, inner B4C, storage and shielding SA have been modeled and radius depende nt sodium flow velocity has been specified at the top of SA. The flow is isothermal at 547º. Detailed dimensions are taken from PFBR drawings. Since we are concerned only with hot-pool, the domain starts only from SA exit. The top of the model is up to sodium top level of the reactor. IHX length is taken from top to middle of active core. The flow enters hot pool through axial gap between core and control plug and leaves the hot pool through IHX. The Reynolds number of the flow is ~10 6 . Turbulence is modeled using the standard high Reynolds number RNG k-epsilon model [8] . Total number of mesh points used in numerical simulation is 120,000. 
Initial and boundary conditions
Specified mass flow inlet boundary condition are imposed at core subassemblies as well as at USP and LSP faces, while a constant pressure condition is imposed at the outlet boundary. No-slip boundary condition is applied on the side wall of the inner vessel, DHX, bottom and top portion of IHX surface, inner side of core and top of control plug. Specific porosity and resistance coefficients are given to porous skirt (radial porosity = 10%, pressure loss coefficient = 250) and lattice plate (axial porosity = 60%, pressure loss coefficient = 1.5). IHX tube bundle is modeled as porous body with anisotropic porosity and flow resistance values, estimated from Zukauskas correlation [10] .
Solution methodology
Pressure-velocity coupling between the incompressible Navier-Stokes and continuity equations is resolved using SIMPLE algorithm [6] in this steady state simulation. The convective and diffusive fluxes are combined using the first order UPWIND scheme. To declare convergence the absolute error in the discretized momentum and continuity equations is set to < 10 -5 .
Results and discussion
From the predicted velocity distribution in hot pool, it was seen that the maximum jet velocity coming out in between skirt and core is ~ 3 m/s and it has negligible circumferential dependence. Figure.7 shows that the maximum free surface velocity of hot pool is ~ 1.15m/s which matches closely with the experiments (1.20 m/s) conducted on 1:4 scale water models with Froude similarity. As per the criterion established based on VOF simulations on ideal models, the free surface velocity should be < 0.6 m/s to avoid gas entrainment. To reduce free surface velocity, a baffle of 0.5 m width is attached to the upper shell of inner vessel at a depth of 1.3 m from the free surface. The predicte d free surface velocity with the baffle is depicted in Fig. 8 . It can be seen that the maximum free surface velocity is only 0.42 m/s, which is acceptable from gas entrainment point of view. Hence, this baffle arrangement is recommended for PFBR. 
Conclusion
Detailed transient CFD studies have been carried out on ideal slab models to arrive at the threshold value of sodium velocity at free surface to avoid gas entrainment. It is found tha t a free surface velocity of 0.6 m/s is able to avoid gas entrainment. Baffles have been found to be highly effective in mitigating free surface velocity. 3-D CFD studies have been carried out for PFBR hot pool and the free surface velocity has been estimated to be 1.15 m/s. In order to reduce this value, a horizontal baffle has been identified that reduces the free surface velocity to 0.42m/s, which is acceptable from gas entrainment point of view and matches closely with the experimental values. This option has been recommended for adoption in PFBR.
